Abstract: Marco Polo sheep (Ovis ammon polii), listed as Near Threatened in the IUCN Red List, were surveyed using vehicles during three summers and three consecutive winters to determine the status and population structure of the subspecies in a hunted population in southeastern Pamirs, Tajikistan. A total of 8649, 8392, and 7663 sheep were observed in each winter survey with densities of 5.42, 4.91, and 4.49 argalis/km 2 , respectively. The differences in numbers observed in different years were probably due principally to differing dates of surveys among years. The high ratios of lamb for every 100 ewe (53, 38, and 49 during the winter surveys, and 60, 45, and 58 during the summer surveys) and high percentages (45%-50%) of mature females during winter indicate that offspring recruitment is sufficient to maintain a stable population. The significant increase in the abundance of Marco Polo sheep in the Tajikistan Pamirs compared with that of previous population surveys may probably be attributed to low numbers of domestic livestock during the winter, low human population density, unfenced and widespread wild sheep habitats, and rigorous patrolling to limit poaching. The small number (45) of hunting permits has a minimal impact on the male sheep sector. Tajikistan now supports more argali than any other country.
Introduction
Argalis [Ovis ammon (Linnaeus 1758) ], the largest and with the longest horn among species of wild sheep, are restricted to Asia, including Afghanistan, China, Kazakhstan, Kyrgyzstan, Mongolia, northern India, Pakistan, Russia, Tajikistan and Uzbekistan (Valdez 1982, Valdez and Weinberg 2011) . Marco Polo argali [O. a. polii (Blyth 1840) ] occurs in the Pamir region of Tajikistan, China, and Afghanistan, as well as in Pakistan and Kyrgyzstan. Because rams may attain horn lengths of up to 191 cm (75 in), they are highly desired by foreign sport hunters. They occupy undulating habitats lacking tall vegetation and usually associated with a rugged and precipitous component used for escape cover. Argalis have declined in numbers and distribution during the last century (Fedosenko 1985 , Heptner et al. 1988 , Harris and Reading 2008 , Valdez and Weinberg 2011 .
The U.S. Fish and Wildlife Service lists argalis as an endangered species throughout their range, except in Kyrgyzstan, Tajikistan, and Mongolia where they have been designated as threatened effective January 1, 1993 (Federal Register 1992 . Marco Polo argali is listed in CITES Appendix II and in the IUCN Red List as Near Threatened (Harris and Reading 2008) . In this article, we report the results of a 3-year winter and 3-year summer survey of a hunted population of Marco Polo argalis in the southeastern Pamir region of eastern Tajikistan. The major objective of this multiyear study was to document the abundance and population structure Marco Polo argalis in the Tajikistan Pamirs, which is the centre of distribution of this subspecies. The study was conducted under the auspices of Safari Club International Foundation's Central Asia Program and Deutsche Gesellschaft für Internationale Zusammenarabeit GmbH's Program for the Sustainable Use of Natural Resources in Central Asia.
In China and Afghanistan, Marco Polo argali populations have been greatly reduced because of degraded range conditions and illegal hunting. There are an estimated 2500 individuals in China and < 1000 remain in Afghanistan, with seasonally varying numbers (Harris et al. 2010 , Rosen 2012 . Marco Polo argalis in Pakistan do not exceed 150 individuals, and most are present only in the winter when they cross into Pakistan from China (Schaller and Kang 2008, Harris et al. 2010) . During a survey in December 2009, a total of 23,711 Marco Polo argalis were recorded in Tajikistan (Michel and Muratov 2010) , but the surveyed area covered only 36% (8174 km 2 ) of the area potentially occupied by the subspecies. One of the primary objectives of ungulate surveys is to determine the species' population status, including its density and demographic parameters (population structure: ratios of lamb to adult ewe and yearling to adult ewe). Surveying wildlife populations is basic for determining trends in population numbers and for evaluating long-term population standards, especially in hunted populations (Harris et al. 2005 ). The lambing ratio or lambing rate is an important indicator of population recruitment and effective reproduction because this parameter measures the birth rate and early survivorship of lambs. The yearling ratio is important in population assessments because it is a measure of the number of lambs that reach the age of 1 year and contribute to population growth. Unstable age structures and sex ratios can be the result of predation and unregulated subsistence, as well as of commercial and sport hunting.
Ratios of lamb to ewe are of limited use in predicting recruitment to a population. In contrast, ratios of yearling to ewe are better estimators but have a wide margin of error because of the difficulty of differentiating between ewes and yearlings at long distances. Complete counts are the most reliable method for determining changes in population size (Festa-Bianchet 1992) . Nevertheless, drastic changes in lamb:ewe ratios may be useful in detecting high lamb mortality or low recruitment in populations. Yearling and adult survival are the best indicators of population productivity. Although immature animals contribute most to population growth, it is the variation in adult female survival that is most critical in determining the population growth rate (Gaillard et al. 2000) .
Materials and methods

Study area
Tajikistan, situated in southern Central Asia, is bordered by China, Afghanistan, Uzbekistan, and Kyrgyzstan ( Figure 1 ). It has a human population of 7 million. More than 90% of the country is mountainous. The highest mountains, some of which exceed 7000 m, occur in the eastern portion of the country and form the Pamir massif.
We conducted surveys in the southeastern Pamir region of Tajikistan within the Gorno-Badakhshan Autonomous Region during the three winters of 2009/2010, 2010/2011, and 2011/2012 , and the three summers during August 2010 August , 2012 August , and 2014 (Figure 1) The average annual precipitation on the Pamirs is 103 mm. Only 10-30 nights of the year are frost free and strong winds are a common occurrence. The mean January temperature is -20°C, with an absolute minimum of -40 to -45°C. At 4000 m, vegetation cover is 8%-15% and only 3-7 plant species can occur in 100 m 2 (Suslov 1961 , Walter and Box 1983 , Abdusalyamov 2001 , Merzlyakova 2002 (Linnaeus 1758) ] occur during the summer, but except for yaks, they are partly transported to lower pastures during the fall, winter, and early spring (October-May) to avoid the harsh winter weather. We locally observed yak and small livestock in the proximity of wild sheep during the winter surveys. We did not observe domestic sheep in the study area during the summer surveys as they were evidently being grazed in pastures distant from the wild sheep lambing grounds. Vegetation status appeared to be in excellent range condition, which probably provided adequate forage for ewes and lambs during the summer.
Population surveys
Winter surveys (2009/2010, 2010/2011, 2011/2012) were conducted from 9 to 16 December 2009 , 14-19 December 2010 , and 12-16 January 2012 . Summer surveys were conducted in August 2010 August , 2012 August , and 2014 . Efforts were made to survey the same areas along the same survey routes each year, but because of weather conditions and other factors among years, it was not possible to repeat the routes every year. Elevations ranged from 4200 m to 4650 m at observation points. Surveys were conducted using vehicles. Sheep survey routes were initiated at the commencement of valleys and proceeded along the valley bottom, recording sheep numbers on both sides of the valley. To avoid recounts and minimize sheep movements, we surveyed valleys only once and with minimal disturbance. When sheep were sighted, they were observed with the aid of binoculars and 20-60× spotting scopes, with their numbers and age and sex recorded. Animals were classified as adult females, yearlings (12-24 months old), lambs ( < 12 months old), subadult rams (2-3 years old), and adult rams ( ≥ 4 years old) to determine lamb:ewe, yearling:ewe, and male:ewe ratios and to assess their abundance. Because of the long distances of observations (usually 300 m-1500 m), it was not possible to classify all animals, especially if they were in moving herds. The 2009/2010 and 2010/2011 winter surveys coincided with the mating season when rams join ewe herds, and males, females, subadults, and lambs were Table 2 ). The few (2%) yearlings detected in 2009 were combined with the females because it was evident that observers could not differentiate most of the yearlings from mature females from long distances. Of the 1088 argali classified by sex and age during the 2010/2011 winter survey, 490 (45%) were females, 185 (17%) were lambs, 114 (11%) were yearlings, and 299 (27%) were males. During the 2011/2012 winter survey, of the 924 sheep classified, 466 (50%) were Table 1 Ratios of lamb and male Marco Polo sheep (Ovis ammon polii) for every 100 ewes, the total number of wild sheep observed during the three winter surveys (2009/2010, 2010/2011, and 2011/2012) , and the total number classified by sex and age in southeastern Pamir region, Tajikistan. females, 226 (24%) were lambs, and 232 (25%) were males ( Table 2 ). The ratios of lambs per 100 ewes during the winter surveys were 53, 38, and 49, respectively. The ratios of males per 100 ewes during the winter surveys were 66, 61, and 50, respectively (Table 1 ). The ratio of yearling per 100 ewes during the 2010/2011 winter survey was 23.
Winter ram age classifications
During the 2009/2010 winter survey, we classified 654 rams, of which 28% were subadults (2 or 3 years old) and 72% were adults ( ≥ 4 years old). Of the 110 rams recorded during the 2010/2011 winter survey, the proportion by size classes was 22% subadults and 78% adults. Of the 232 rams categorized during the 2011/2012 winter survey, the proportion by size classes was 28% subadults and 72% adults ( Table 3 ). The proportion of subadults probably has a wide margin of error because at long distances even 2 year olds can be mistaken for ewes and hence are likely underrepresented in counts.
Summer surveys
Summer surveys were conducted in August of 2010, 2012, and 2014. A total of 706, 1605, and 1646 individuals were observed in each year, of which 595, 1448, and 886 were recorded by sex and age in 2010, 2012, and 2014, respectively (Table 2) . Of the 595 sheep that were classified by age and sex in the 2010 summer survey, the ratios of lambs and yearlings were 60 and 44 per 100 ewes, respectively. A total of 269 ewes (45%), 162 lambs (27%), 118 yearlings (20%), and 46 males (8%) were recorded. Of the 1448 sheep that were classified by age and sex during the 2012 summer survey, there were 45 lambs per 100 ewes. A total of 933 ewes (65%), 416 lambs (29%), and 99 males (7%) were recorded (Table 2) . During the 2014 summer survey, there were 58 lambs per 100 ewes, and 480 (55%) females, 279 (32%) lambs, and 107 (13%) males (Table 2) . Yearlings were not recorded in the 2012 and 2014 summer surveys but lumped with the females because of the difficulty in differentiating between yearlings and ewes from long distances.
Discussion Abundance
The total number of sheep observed during the winter surveys in any 1 year was the minimum population present.
Even with the use of helicopters in surveying North American desert sheep, only 40%-60% of the animals present were observed (Lee et al. 2012) . Within the areas where the sheep surveys were conducted, only the sheep on the sides of mountains facing the valley where the survey routes traversed could be observed. Moreover, some side valleys were not surveyed because of inaccessibility. However, the sheep in the study area lend themselves well to vehicle surveys because they could readily be observed in valleys and adjacent montane terrain and when moving up mountainsides away from observers, usually at a slow pace. Furthermore, the large numbers of sheep observed during the short survey periods (ranging from 5-8 days), are a clear indication of the high population of Marco Polo argali in the study area and the effectiveness of vehicle surveys. The differences in the number of animals observed during the winter surveys can be attributed to several factors. Winter surveys are conducted during harsh, cold weather, and it is not possible to cover the exact survey areas every year because of weather conditions. The higher numbers detected in December 2009 could be due to the fact that in that year the survey was conducted over a period of 8 days, allowing for a more intensive survey Table 2 Total number of females, lambs, yearlings, and males of Marco Polo sheep (Ovis ammon polii) classified during the three winter surveys (2009/2010, 2010/2011, and 2011/2012) and three summer surveys (2010, 2012, and 2014) Note that if the total number of yearlings (20%) in the 2010 summer survey is added to the total females observed (45%), the total would be 65% females, which is similar to that in 2012 (64%). compared with the winter surveys in December 2010 (6 days) and January 2012 (5 days). Moreover, the 2009/2010 winter survey was conducted during a year when hunting was closed and sheep were probably less wary. The 2011/2012 winter survey was conducted in January 2012 at the end of the hunting season at which time the sheep had been hunted for four months and sheep perhaps had been more scattered, and heavy snows precluded surveying portions of some valleys. Furthermore, the survey was conducted after the peak of the mating season, which occurs in December, and some males probably had already dispersed. Another factor that might be influencing sheep abundance in a specific area is their movement, perhaps migratory. Wild sheep habitat in the eastern Pamirs is continuous over a distance of about 180 km, from the Little Pamir in Afghanistan on the south and extending north to the Rangkul Pamir and adjacent areas in China. This area is characterized by villages not exceeding 50 persons and the absence of urbanized areas, lack of paved roads and heavy traffic, and absence of fences and natural barriers, which could disrupt movements. It is unknown to what extent sheep move seasonally. Because some segment of the population may be moving through the study area in fall and winter, and surveys are not conducted during the same dates every year, differences in abundance among years may be obtained. Genetic evidence and direct observations indicate connectivity between the Marco Polo sheep populations of Afghanistan and Tajikistan (Luikart et al. 2011 , Rosen 2012 . Large numbers of wild sheep are known to occur adjacent to our study area in Tajikistan. Diment et al. (2012) Marco Polo sheep numbers have declined in some areas of the Pamirs and occur in low densities over large areas (Michel and Muratov 2010 , S. Michel unpublished data 2008 . Their decline has been due to extensive habitat degradation caused by domestic livestock, principally domestic sheep and goats, harvesting of teresken for fuel, and poaching by local herdsmen and others (Fedosenko 1985, Michel and Muratov 2010) . Fedosenko and Weinberg (2001) noted that there had been a noticeable increase in the wild sheep population in the southeastern Pamirs (near our study area) between 1995 and 1999, and speculated that it may have been the first increase since their population started to decline back in the 1940s. They attributed the increase to a reduction in domestic sheep and yak numbers, decrease in the human population, and decrease in illegal hunting by local community members and herdsman. However, based on the paucity of long-term regional population data and the spatial variation of study areas, it is not possible to accurately determine Pamir-wide historical population trends of wild sheep.
Population structure
The ratios of lamb and yearling to ewe of Marco Polo sheep in our study area indicate an increasing population. The lamb:ewe ratios during the winter surveys indicate a high lamb survival (Table 1 ). The only yearling:ewe ratio (38:100) was recorded during the 2010/2011 winter survey, and it also indicates a high yearling survival. However, yearling:ewe ratios are unreliable estimators because of the difficulty in differentiating yearlings from adult ewes, especially from afar. Lamb percentages during the winter surveys were 24%, 17%, and 24%, respectively, which is fairly consistent among years ( Table 2) .
The lamb:ewe ratios during the summer surveys were variable, but the percentage of lambs were similar (Table 2) . Female percentages were also variable among years. The percentage of females and yearlings in 2010 (65%), when yearlings and adult females are combined, is similar (64%) to that in 2012. In 2014, the percentage of females and yearlings (55%) was lower than that in 2010 and 2012, but the percentage of lambs remained high. The summer yearling:ewe ratio (44) recorded in 2010 is higher than that (28) recorded in Kyrgyzstan for this subspecies (Fedosenko et al. 1995 ) but similar to the ratio (46) recorded in a Pamir-wide summer survey in 2002 (Magomedov et al. 2003) and indicates a high lamb survival. The lamb:ewe ratios and high percentages of mature females indicate that offspring recruitment is at least sufficient to maintain a stable population.
Observations from long distances can result in misclassification of age groups. We likely underestimated the number of yearlings and overestimated that of ewes because yearlings can be mistaken for adult ewes, especially during the winter surveys when yearlings were about 18 months old (Table 2) (Frisina et al. 2004 ). The number of males observed during the summer surveys was low because most adult males form separate groups beginning in the spring and probably move to higher elevations while ewes remain at lower elevations (Valdez and Weinberg 2011) . Few adult males were observed during the summer surveys. The number of males that remained with female herds in the summer varied from 8% to 13% (Table 2) , most of which were juveniles and subadults (2-3 years old).
In Tajikistan, Schaller and Kang (2008) recorded a ratio of 40 young per 100 ewes in summer. A Fauna and Flora International (2013) summer survey in 2011 recorded a lamb:ewe ratio of 58:100 in the contiguous Zorkul Strict Nature Reserve in the country. In Kyrgyzstan, the lamb:ewe ratio was 43 in a stable to growing population in late summer (Fedosenko et al. 1995) . In summer surveys in southern Mongolia, Reading et al. (1997) and Valdez et al. (1995) reported lamb ratios of 44 and 40, respectively. In Alaska, where climatic conditions are similar, the average Dall's sheep (Ovis dalli) lamb ratio was 37 lambs, but ratios can range from 0 to 80 lambs per 100 adult ewes (Hoefs and Cowan 1979) . Survival of lambs to yearlings can be highly variable. The highest lamb mortality occurs within a month after birth, in most cases due to predation (Reading et al. 2009 ). Once lambs reach yearling age, mortality is lower and variability in survival decreases (Gaillard et al. 2000) .
Trophy hunting
Trophy hunting may be the best economic incentive to initiate wildlife conservation programs in some countries because it affords an immediate income with minimum investment. It can have positive economic, sociocultural, and wildlife conservation effects, but only if it is conducted in a sustainable manner (Lewis and Alpert 1997 , Lovelock 2008 , IUCN Species Survival Commission 2012 . Wegge (1997) opined that harvesting 10%-20% of trophy wild sheep males would not be expected to have negative effects on the trophy age segment. The small number (45) of hunting permits probably has a minimal impact on the male sheep population. A conservative estimate of the trophy age male population ( > 7 years old) in the study area based on 149 trophy rams (6.7% of the argali determined by sex and age) recorded in 2009 suggests that the segment comprise at least 5% of the total sheep population, and would exceed 400 rams. The harvest of 45 rams is about 0.5% of the mean population number recorded during the winter surveys and likely much less than the annual harvest of 20%-25% of the number of trophy size rams prior to the hunting season, as recommended by Wegge (1997) for wild sheep populations. The combination of trophy hunting with legalized subsistence hunting might be possible but would involve more challenges for setting sustainable take-off quotas.
Conclusion
The Marco Polo argali population in the area we surveyed is in good health, as indicated by the high lamb production, probably because of the comparably low level of potential competition with domestic animals and adequate forage production that provided the energy requirements for the maintenance and growth of lambs and the healthy condition of ewes. We did not observe domestic sheep in the study areas during the summer surveys, and their absence also precluded the potential disturbance by sheep herders and harassment by herd guard dogs. We observed yaks within a radius of 5 km from the main camp and within 500 m of wild sheep herds. Poaching is probably minimal due to the frequent patrolling by the hunting concession owners. The ewe herds observed during the summer surveys were widely distributed in valleys, including in lower elevations, where they were farther from escape terrain, indicating that they had not been harassed by human or human-associated intrusions. In some areas, they were several kilometres from escape terrain. They allowed observers to approach without rapidly running away. Instead, they walked slowly away from observers, probably indicating they had not been subjected to persecution by humans.
The use of ground-vehicular surveys is the most effective practical survey method in our study area because it allows for high mobility in rough terrain and wide visibility of survey sites, and confers protection and quick escape from extreme temperature. Aerial surveys during winter would probably be the most effective technique, but the lack of adequate aircraft (unsuitable large helicopters), their exorbitant cost ($4500/h), and inclement, dangerous weather conditions, preclude their use.
The argali population in the Murgab concession area is apparently thriving because of the low numbers of domestic livestock that do not excessively graze the areas that they share with wild sheep, resulting in good range conditions. Establishment of similar game management areas in human-dominated landscapes would ensure the survival of wild sheep and other montane fauna and flora. However, long-term conservation of argalis will depend on the establishment of sound grazing management strategies that incorporate forage requirements of domestic and wild ungulates (Valdez and Weinberg 2011) . Moreover, incentive-driven wildlife programs are essential to motivate herdsmen and local communities to participate in conservation programs that establish the sustainable use of wildlife. Wildlife conservation and economic development in some cases are best served by converting wildlife into a commercial asset (Rosas-Rosas and Valdez 2010).
The most significant finding of the Marco Polo argali survey program is the consistently high population of wild sheep in our study area, in contrast to populations in Afghanistan and China, which border our study area. Marco Polo argali are more abundant in Tajikistan than in any other country (Mallon et al. 2014 ). The population occurs in a relatively intact ecosystem with all major predators still present and relatively undisturbed by anthropogenic factors.
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